We report new functions of the cell-adhesion molecule E-cadherin in murine pluripotent cells. E-cadherin is highly expressed in mouse embryonic stem cells, and interference with E-cadherin causes differentiation. During cellular reprogramming of mouse fibroblasts by OCT4, SOX2, KLF4 and c-MYC, fully reprogrammed cells were exclusively observed in the E-cadherinpositive cell population and could not be obtained in the absence of E-cadherin. Moreover, reprogrammed cells could be established by viral E-cadherin in the absence of exogenous OCT4. Thus, reprogramming requires spatial cues that cross-talk with essential transcription factors. The cell-adhesion molecule E-cadherin has important functions in pluripotency and reprogramming.
INTRODUCTION
The regulation of pluripotency in mouse embryonic stem cells (mESCs) is a fascinating biological question with important implications for both basic science and the therapeutic potential of such cells. The same is true for induced pluripotent stem cells (iPSCs) of somatic origin. Both pluripotency and reprogramming are influenced by several cellular processes such as regulation of transcription, signal transduction, regulation of microRNAs and epigenetic changes (reviewed in Jaenisch & Young, 2008) . The concept of somatic cell reprogramming began with somatic cell nuclear transfer (Wilmut et al, 1997) and was further developed by the finding that mouse embryonic fibroblasts (MEFs) can be converted into iPSCs by retroviral expression of four transcription factors: OCT4, SOX2, KLF4 and c-MYC (Takahashi & Yamanaka, 2006) .
The cadherins are membrane-spanning proteins of adherens junctions that have crucial roles in cell-cell contact formation. A switch from epithelial components, such as E-cadherin (Cadherin 1, Ecad) expression, to mesenchymal components can occur, termed epithelial-mesenchymal transition, which promotes the cell migration in the development of many organs and in the metastasis of tumours (Heuberger & Birchmeier, 2010) . Opposite mechanisms-mesenchymal-epithelial transitions (METs)-are important in strengthening tissue integrity following migratory processes in embryonic development. The function of E-cadherin in cell-cell adhesion is also connected to various signalling pathways that relay information regarding cell interactions to the cytoplasm and the nucleus (Stepniak et al, 2009) . In early mammalian development, Ecadherin-based cell-cell contacts are required for the integrity of the embryonic blastocyst, and deletion of the E-cadherin gene results in failure of cell compaction at this stage (Larue et al, 1994) . It has also been shown that E-cadherin controls processes of early differentiation (Larue et al, 1996) and has an important role in regulating pluripotency of different stem-cell compartments (Chou et al, 2008; Soncin et al, 2009) .
In this study, we show that E-cadherin is essential for the maintenance of pluripotency of mESCs, and that disturbance or loss of E-cadherin induces epithelial-mesenchymal transitions. During reprogramming of MEFs to iPSCs, E-cadherin production is associated with the reprogramming process and, remarkably, exogenous expression of E-cadherin can replace the requirement for OCT4 during reprogramming.
RESULTS AND DISCUSSION E-cadherin is induced during reprogramming
We observe that undifferentiated mESCs show a high level of E-cadherin and OCT4 messenger RNA (mRNA) and protein expression, that is lost when cells differentiate (supplementary Fig S1A,B online) . Moreover, by using short-hairpin RNA against E-cadherin, we showed that high expression of E-cadherin in pluripotent mESCs is crucial for maintenance of the undifferentiated state (supplementary Fig S1C-E online) . Furthermore, mESCs that were treated either with a neutralizing antibody, DECMA-1, or short-interfering RNA against Ecad, or maintained in the absence of leukaemia inhibitory factor (LIF) for 7 days (ÀLIF, 7d), started to differentiate while changing their morphology from compact colonies to scattered cells (supplementary Fig S1F online) . Differentiating cells underwent a cadherin switch to N-cadherin (Ncad) expression, whereas the expression of E-cadherin and OCT4 were lost. Our results show that E-cadherin is required to maintain the undifferentiated state of mESCs.
Reprogramming of MEFs through viral expression of OCT4, SOX2, KLF4 and c-MYC (OSKM) proceeds in a stepwise manner that gives rise to not only iPSCs, but also intermediate cell states. We used this procedure to generate iPSCs and sorted for cells that expressed the stem-cell marker stage-specific embryonic antigen 1 (SSEA1) by FACS analysis (Fig 1A) . A total of 12.5% SSEA1-positive cells were obtained 8 days after retroviral transduction (supplementary Fig S2A online) , and these cells maintained SSEA1 expression (supplementary Fig S2B online) . Intriguingly, SSEA1-positive cell clones expressed E-cadherin but not N-cadherin, as detected by immunofluorescence analysis, whereas SSEA1-negative cell clones were low in E-cadherin but high in N-cadherin (Fig 1B) . NANOG was only expressed in the SSEA1-positive cells, suggesting that these cells had undergone complete reprogramming. In line with the immunofluorescence analysis, reverse transcription-polymerase chain reaction (RT-PCR) analysis showed that SSEA1-positive cell clones expressed high levels of E-cadherin (Ecad high ), as well as the pluripotency factors NANOG and DPPA5, and low levels of N-cadherin (Fig 1C) . The Ecad low cell clones showed residual expression of viral OCT4, SOX2, KLF4 and c-MYC and low levels of the endogenous genes, showing that retroviral expression was not silenced (Fig 1C,  supplementary Fig S2C online) .
We tested the differentiation capacity of Ecad high and Ecad low clones. E-cadherin, OCT4 and NANOG mRNA levels were similarly downregulated in Ecad high clones and 129/Sv3 mESCs on LIF withdrawal (Fig 1D) , and the mRNAs for N-cadherin and MSX2 were induced (Fig 1E) . Protein levels of cadherins and pluripotency factors and cell morphologies in the presence and absence of LIF were confirmed (supplementary Fig S2D,E online) . Interestingly, Ecad low cells that still contained high N-cadherin levels resulting from an inefficient MET process were unable to undergo spontaneous differentiation. We then examined the ability of our cells to undergo more stringent differentiations. When cells of both Ecad high and Ecad low clones were used for embryoid-body formation, only Ecad high clones could form embryoid bodies (supplementary Fig S2E online) . In further analyses, we used both cell clones for in vivo differentiation, such as teratoma formation (supplementary Fig S2F, G online) and chimera formation after blastocyst injection (supplementary Fig S2H online) . We confirmed that Ecad high cells fulfilled all criteria of pluripotent cells, whereas Ecad low cells were not able to form differentiated tumours or to integrate in blastocysts.
Deletion of E-cadherin in Ecad flox prevents reprogramming
We isolated MEFs from mouse embryos that harboured two floxed E-cadherin alleles, Ecad flox/flox (Boussadia et al, 2002) . Cre-mediated deletion of E-cadherin was achieved by the treatment of cultured cells with His-tat-NLS (HTN)-Cre, a membrane-penetrable Cre recombinase, which resulted in a reduction of E-cadherin-positive cell levels after viral infection with OSKM (Fig 2A) . However, the ablation of E-cadherin by Cre-mediated recombination was not observed in all cells. We followed colonies by morphological inspection and observed an 80% reduction of colony numbers (Fig 2B) . These MEFs were analysed for expression of pluripotency genes ( Fig 2C) . NANOG, DPPA5 and NR5A2 were expressed at reduced levels (25%, 45% and 25%, respectively) in HTNCre-treated MEFs. We conclude that reprogramming is impaired in the absence of E-cadherin, and that an MET with an induced expression of E-cadherin is required. We further analysed whether cell colonies that formed after Cre-mediated deletion of E-cadherin were E-cadherin negative or escaped the Cre-mediated deletion events. We found by immunofluorescence analysis of colonies in the Cre-treated pool that cell clones that converted to mESC-like morphology were still positive for E-cadherin, as well as for NANOG, showing that these clones are derived from cells that did not undergo deletion of E-cadherin ( Fig 2D) .
E-cadherin can overcome the requirement of OCT4
We systematically examined whether the expression of exogenous E-cadherin influences the overall efficiency of reprogramming, and whether it might replace one of the OSKM factors during cellular reprogramming. Transduction of MEFs with the E-cadherin-expressing retrovirus, pMXs-Ecad, led to a high expression of E-cadherin (supplementary Fig S3A,B online) . The expression of the viral constructs was confirmed by quantitative RT-PCR. The analysis of the reprogramming efficiency with different combinations of pluripotency factors and E-cadherin showed that E-cadherin did not induce a general increase in reprogramming efficiency, as measured by SSEA1 expression or alkaline phosphatase activity (supplementary Fig S3C,D online) .
We also tested single cell clones that were produced by different factor combinations and scored them for the generation of those with iPSC-like morphology ( Fig 3A) . Intriguingly, the pMXs-Ecad retrovirus in combination with SOX2, KLF4 and c-MYC (ESKM)-that is, without OCT4-produced cells with the typical morphology of pluripotent iPSCs (Fig 3B) , although at a lower frequency than with OSKM (supplementary Fig S4A online) . By using Southern blot analysis, we confirmed that the ESKM clones showed no viral integration sites for OCT4 DNA sequences in comparison with an OSKM clone (supplementary Fig S3E  online) . When E-cadherin was omitted in the SKM combination, cell clones of iPSC-like morphology were rarely found (Fig 3B) . Cell clones from ESKM and SKM combinations were cultivated for several passages and characterized. Remarkably, ESKM cell clones were positive for endogenous OCT4 (Fig 3C) , NANOG and SSEA1 (supplementary Fig S4B online) .
Independent ESKM clones (1,2,3) showed strong mRNA expression for E-cadherin and for the pluripotency genes OCT4, NANOG, DPPA5, and NR5A2, whereas expression of N-cadherin was not observed (Fig 3D) . E-cadherin and OCT4 proteins were produced in ESKM clones, whereas N-cadherin protein was absent (supplementary Fig S4C online) . ESKM-derived cell clones were able to form embryoid bodies (supplementary Fig S4D online) and showed expression of genes for endodermal (FoxA2), neuronal (Nestin) and mesodermal (a-SMA) lineages (supplementary Fig  S4E online) . The analysis of the methylation pattern of NANOG and OCT4 promoters showed a demethylated state in ESKMderived and OSKM-derived iPSCs and mESCs, whereas in MEFs both promoters showed strong methylation marks (Fig 4A) . We determined the methylation pattern of the E-cadherin promoter and observed no difference in the methylation statuses of iPSCs, mESCs and MEFs. Furthermore, we determined the global gene expression profiles of ESKM2 iPSCs, 129/Sv3 mESCs and MEFs (Fig 4B) . Although the profile of ESKM iPSCs differed significantly from that of somatic MEFs (Pearson's coefficient: 0.7263), a significant similarity between ESKM iPSCs and mESCs (Pearson's coefficient: 0.9764) was observed.
In vivo differentiation showed that ESKM-reprogrammed iPSCs formed teratomas in non-obese diabetic/severe combined immunodeficiency (NOD/SCID) mice (Fig 4C, supplementary  Fig S4F online) . SKM clones showed only small cell lumps without significant growth. When stably green fluorescent protein (GFP)-transduced ESKM-iPSCs (ESKM2) were injected into blastocysts, these cells contributed to organ formation as indicated by GFPpositive areas, which were observed in different organs (Fig 4D) . These data show that iPSCs can be derived in the presence of E-cadherin instead of OCT4 and show all the characteristics of pluripotent, reprogrammed cells.
Our analysis is focused on understanding the function of E-cadherin, both in ESCs during differentiation and in fibroblasts during iPSC reprogramming. First, we demonstrate that interference with E-cadherin in mESCs cause morphology changes and differentiation. It has been shown that E-cadherin is crucial to the conversion of Fgf2-, Activin-, BIO-derived (FAB, similar to EpiSC) mouse stem cells to pluripotent mESCs (Chou et al, 2008) , and the loss of E-cadherin allows the maintenance of mESCs in suspension cultures (Mohamet et al, 2010) , suggesting that, under these conditions, they might convert to intermediated cell-statelike mEpiSCs. These data indicate that E-cadherin has a crucial role in the maintenance of ESC pluripotency and the compact (HTNCre) showing no recombination (non-recombined first and second column) or recombination (recombined). DAPI was used for nuclear staining. Magnification Â 400; scale bars, 50 mm. AU, arbitrary units; Ctl, control; DAPI, 4,6-diamidino-2-phenylindole; MEF, mouse embryonic fibroblast; mRNA, messenger RNA; wt, wild type.
E-cadherin in pluripotency and reprogramming T. Redmer et al shape of the colonies. Second, in the reprogramming of MEFs by the four Yamanaka factors (OSKM), we found that iPSCs were exclusively E-cadherin-positive and could not be obtained from Ecad flox/flox cells after E-cadherin had been deleted by Cre. This latter finding is important as it is from genetic evidence and not on the basis of overexpression of factors or treatment with inhibitors. For instance, short-hairpin RNA viruses directed against E-cadherin could prevent iPSC reprogramming and chemical intervention leading to upregulation of E-cadherin-promoted somatic cell reprogramming (Chen et al, 2010) . Recently, E-cadherin has also been found to be upregulated during reprogramming in global expression analyses (Samavarchi-Tehrani et al, 2010) and in a screen for cell adhesion molecules . In our reprogramming system, overexpression of E-cadherin alone could not enhance the efficiency of iPSC production; such an effect was recently reported (Chen et al, 2010) . Taken together, these findings add new aspects to the processes of nuclear reprogramming: as well as transcriptional networks (Jaenisch & Young, 2008) , epigenetic changes (Hochedlinger & Plath, 2009 ) and changes in microRNA expression (Judson et al, 2009) ; apparently, spatial cues based on the function of E-cadherin are also of importance.
Third, our finding that the expression of E-cadherin is able to replace the exogenous transcription factor OCT4, adds to our understanding of reprogramming. It shows that iPSC reprogramming is not just a nuclear event, but that spatial cues also participate and that these cross-talk with essential transcription factors in a new manner. Specific cell-cell contacts of pluripotent cells seem to directly tie into the pluripotent transcription factor circuit, which influences the master transcription factor OCT4. Signalling events downstream from E-cadherin might provide a stimulus to upregulate endogenous OCT4. It is tempting to speculate that E-cadherin could control OCT4 through binding and sequestering b-catenin, that is, by modulation of canonical Wnt signalling. Interestingly, it has recently been shown that b-catenin enhances OCT4 activity through a T-cell factor (TCF)-independent mechanism (Kelly et al, 2011) . Alternatively, the effects of E-cadherin on E-cadherin in pluripotency and reprogramming T. Redmer et al induced pluripotency might also require the involvement of Rho-family GTPases (Fukata & Kaibuchi, 2001) . The elucidation of the molecular mechanisms that establish the cross-talk between the cell surface and nuclear machinery, especially the regulation of OCT4, awaits further analysis. With these three parts of our investigation, we have discovered new functions for the cell-adhesion molecule E-cadherin in pluripotency and reprogramming.
METHODS
Cell culture. 129/Sv3-derived mESCs (from S. Noggle, New York, USA) and established stable iPSC lines generated were cultured on E-cadherin in pluripotency and reprogramming T. Redmer et al mitomycin-C-treated (2 mg/ml) MEFs or on gelatin-coated plates. MEFs were isolated according to standard procedures either from embryos of the mouse strain B6.129/Sv3-Cdh1tm2Kem/J (Ecad flox/flox ) or from the outbred strain Cf1. Generation of iPSCs. Generation of iPSCs was performed as described previously (Takahashi & Yamanaka, 2006) . In brief, 5 Â 10 6 Plat-E cells were seeded 1 day before transfection with pMXs-based retroviral vectors (Ecad or OCT4, SOX2, KLF4 and c-MYC; from Addgene) using calcium phosphate precipitation in the presence of 25 mM chloroquine. For expression of E-cadherin, the coding sequence of mouse E-cadherin was introduced into the pMXs vector. For the derivation of ESKM-iPSC clones, 2 Â 10 5 MEFs/10 cm dish were seeded on Matrigel (BD) 4 days after viral infection in mESC medium. OSKM-induced cells were seeded to 5 Â 10 4 cells/10 cm dish on mitomycin-C-treated MEFs.
Cell-based assays. Quantitative RT-PCR and western blot analysis were performed as described earlier (Diecke et al, 2008) . Cre-recombinase treatment: cells were treated with 3 mM purified, membrane-penetrable HTNCre for 24 h, as described previously (Peitz et al, 2002) .
Bisulphite sequencing: genomic DNA was isolated from different cell lines. Bisulphite conversion of 2 mg DNA was done with the EpiTect Kit (Qiagen) and converted DNA was used for PCR using specific primers recognizing regions in the promoters of NANOG, OCT4 and E-cadherin. PCR products were cloned in the pGEM-Vector (Promega) and sequenced using SP6 primer. Global gene expression analysis. Expression analysis was done in triplicates using the MouseWG-6 v2.0 Expression BeadChip Kits (Illumina), using standard protocols. The microarray analysis on the Illumina MouseWG-6 v2.0 expression beadchips (Fig 4B) has now been deposited at the National Center for Biotechnology Information (NCBI)/Gene Expression Omnibus (GEO). The data can be found at http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi? acc ¼ GSE28594. Animal-based assays. Teratoma formation and histological analysis: 1 Â 10 6 cells were subcutaneously injected in NOD/SCID mice, as described previously (Takahashi & Yamanaka, 2006) . Tumours were grown for 21 days and sections of surgically dissected tumours were stained with haematoxylin and eosin and biopsies were taken for RT-PCR analysis.
Blastocyst injection: stably GFP-expressing iPSCs transduced with the plasmid MP71-GFP were injected at the blastocyst stage. Vehicles were transferred in uteri of surrogate mothers. Pups were analysed for GFP-positive spots 2 days after birth. Supplementary information is available at EMBO reports online (http://www.emboreports.org).
